However, further increase in substitution results in the reduction of remnant magnetization and coercivity due to the appearance of complete antiferromagnetic ordering in the orthorhombic structure because of the significant contribution from the crystallographic phase of Pbnm space group (as obtained from double phase Rietveld analysis). The frequency independent higher dielectric constant and lower dielectric loss were observed for 5% co-substitution. Hence, this particular composition may be interesting for device applications.
Introduction
Magnetoelectric Multiferroic materials showing both electric as well as magnetic ordering within a single crystallographic phase are attracting much attention due to their promising technological applications, such as multistate memory devices, spintronic devices, magnetically modulated transducers, ultrafast optoelectronic devices and sensors [1] [2] [3] [4] . However, these kinds of materials are rare because ferroelectric ordering in ABO 3 perovskite needs transition metal ions with d 0 electronic configuration, whereas magnetic ordering needs transition metals with partially filled d orbitals, but these two conditions within single crystal phase are mutually exclusive. Among all the identified single-phase magnetoelectric materials, BiFeO 3 (BFO) is most promising one because it shows both electric and G-type canted antiferromagnetic ordering well above room temperature (T c = 1103 K and T N = 643 K) [5] . The crystal structure for polar phase of BFO (at room temperature) is rhombohederally distorted perovskite structure with R3c space group. The R3c symmetry allows the existence of weak ferromagnetic moment due to Dzyaloshinky-Moriya interaction but the cycloid spin structure with the periodicity of ~62 nm prevents net magnetization which leads to net zero magnetization [6] [7] [8] [9] . However, BFO is very difficult to be prepared in phase pure ceramics or thin film because of its narrow temperature range of phase stabilization. It results in oxygen vacancies, multiple valence state of Fe ions and synthesis of impurity phase as Bi 2 Fe 4 O 9 and Bi 25 FeO 40 which increases the leakage currents and make it unsuitable for the device applications. From the literature survey, it has been observed that the A-site and/or B-site substitution in BFO has been reported as the most effective way to reduce the impurity phases and enhance magnetoelectric coupling constant by creating the lattice strain due the ionic size mismatch between host and substituting cations [10] [11] [12] [13] [14] [15] . Several attempts have also been made to prepare phase pure BFO by chemical route and the solid state routes followed by leaching with nitric acid normally used to eliminate above impurity phases which leads to the formation of coarser powders and its poor reproducibility [16, 17] . Hence, we have adopted the chemical route of synthesis for uniform particle size and better reproducibility.
The cycloid suppression in Lanthanum (La) substituted BFO ceramics has been shown using nuclear magnetic resonance (NMR) measurements which was correlated with the structural transition from rhombohedral to orthorhombic crystal structure [10, 14, 15] . Weak ferromagnetic ordering induced due to La substitution at A-site in BFO has been observed by Y. Du et al [18] .
The Mn substitution at Fe site of BFO is reported to inhibit the grain growth which resulted in reduced particle size [19] and improve the magnetic as well as electric properties [20, 21] . S.
Chauhan et al. has reported the structural phase transition in 15% Mn doped BFO ceramics due to the distortion in the rhombohedral structure with increasing Mn substitution which resulted in significant enhancement in magnetization [22] [23] . A. Lahmar et al have reported the structural transition and improved dielectric as well as ferroelectricity in BiFeO 3 -LaMnO 3 solid solution thin films grown on Pt-terminated silicon substrates up to 10% substitution concentration [24] which induces structural changes to orthorhombic structures.
However, a detailed study of the influence of crystal structural transition on physical
properties is yet to be explained on La and Mn co-substituted BFO ceramics. Hence, we have undertaken a study on La and Mn co-substituted BFO prepared by the tartaric acid modified solgel method and carry out double phase Rietveld analysis to study the crystallographic phases and its correlation with the physical properties. BLFM-25 and BLFM-30 respectively) were prepared by a tartaric acid modified sol-gel technique [25] . Here, the starting materials as bismuth nitrate, iron nitrate, lanthanum acetate, manganese acetate and tartaric acid (purity ≥ 99.0%) were carefully weighted in stoichiometric proportion. The molar ratio of metal nitrates to tartaric acid of 1:2 was taken because there were two cations in BFO. The tartaric acid plays an important role in the process of forming pure and co-substituted BiFeO 3 nanoparticles and carboxyl in tartaric acid makes bonds with all metal cations present in the solvent. Hence, the obtained powder exists as amorphous precursors before calcinations. When they are heated, a driving force for the nucleation is related to reduction of free energy due to transformation from the metastable amorphous to the crystalline state in equilibrium and tartaric acid vaporizes in the annealing process and the M-O bonds are broken following by the nucleation and crystal growth of small and uniform nanoparticles [26] . The resulting material was thoroughly grinded and annealed at 700 o C for 3 hours.
Methods
The crystallographic phases of all the ceramics were studied by the powder X-ray diffraction (XRD) using 18 kW Cu-rotating anode based Rigaku TTRX III diffractometer, Japan) with CuKα radiation (λ = 1.5418 Å) operating in the Bragg-Brentano geometry in a 2θ range of All XRD patterns were analyzed employing Rietveld refinement technique with the help of Fullprof suite program [27] . The patterns for all the ceramics could be refined using the R3c and/or Pbnm space groups. The parameters such as, Zero correction, scale factor, half width parameters, lattice parameters, atomic fractional position coordinates, thermal parameters were varied during refinement process. Background and peak shape were refined by the sixth order polynomial and pseudo-voigt function respectively. La & Mn has suppressed the impurity phase formation in the BLFM ceramics which is the main concern for single phase BFO because Bi and/or Fe vacancies lead to formation of these impurity phases [28] . The distinct peaks corresponding to the planes (104) and (110); (006) and (202); (116) and (122); (018) with the increase in the La and Mn concentration, which is clearly visible higher co-substitutions (≥ 5%). Also, the intensity of a peak corresponding to the planes (006) at around 39 o which originates from the rhombohedral structure became weaker with the increase in co-substitution.
Results and discussion
These results indicate the compositional driven crystallographic phase transition from rhombohedral to orthorhombic which is consistent with the Rietveld analysis as discussed below.
The Goldschmidt tolerance factor (t) is used to quantify the structural stability of ABO 3 (BiFeO 3 ) structure (perovskites) which is defined as,
The <r A > and <r B > in equation 1 are the average radius of A site and B site cations respectively and r o is the ionic radius of oxygen. When the value of "t" is smaller than one (mentioned in Table 1 ), the compressive strain acts on the Fe-O bonds and hence on Bi-O bonds which infers that the oxygen octahedral must buckle in order to have minimum lattice strain.
This induced lattice distortion suppresses the rhombohedral phase and leads to the evolution of modified crystallographic phases. The particle size has been calculated using Scherrer's formula [29] which is defined as,
Where constant k depends upon the shape of the crystallite size (= 0.89, assuming the to the broadening of reflections can be expressed as,
Where U, V and W are the usual peak shape parameters, IG is a measure of the isotropic size effect, D ST =coefficient related to strain. As shown in table 1, the crystallite size decreases with the increase of substituent ion concentration up to co-substitution of 15%. This implies the development of lattice strain inside the lattice due to ionic size mismatch between host and substituent cations which lead to local structural disorder and reduces the rate of nucleation resulting in decrease of crystallite size. However, the crystallite size increases when substitution concentration increases beyond 15 % of co-substitution due to decrease in overall lattice strain decreases. The lattice constants and corresponding unit cell volume decreases with the increase in the substituent concentration due to smaller radius of substituents than that of host cations, which can be inferred from the shift of the XRD peak towards higher 2θ value as shown corresponds to the water vapor. These band positions are found to be in agreement with the characteristic infrared absorption bands of BFO [35] . With the increase in substituents percentage the absorption peaks should shift to the higher wave number side due to increased lattice strain resulting from the difference in ionic radius of substituent and host cations. With the increase in substituents percentage above 15 %, the transmission bands shift to the lower wave number because the lattice strain relaxes with the dominance of orthorhombic crystal symmetry fraction.
In order to find out the effect of chemical pressure on the band gap of BFO, we have recorded the diffuse reflectance spectra of all the ceramics. UV-Vis diffuse reflectance spectra were converted into absorption readings according to the Kubelka-Munk (K-M) method [36] .
The absorption spectrum of the ceramics transformed from the diffuse reflection spectra using
Where, R is diffuse reflectance. Since BFO has a distorted cubic perovskite structure, there is a point group symmetry breaking from O h to C 3v [37, 38] . There are expected six transitions between 0 and 3 eV by considering C 3v local symmetry of Fe 3+ ions (High spin configuration ‫ݐ‬ ଶ ଷ ݁ ଶ ) in BFO and using the correlation group and subgroup analysis for the symmetry breaking from O h to C 3v [39] . In our case all six transitions were observed which lie in the range between 1.3 to 3 eV for BFO as shown in Fig. 7 (a) . However, these peaks vanish with the increase in the substitution concentration and have low relative intensity in BLFM-05 ( Fig. 7   (b) ). This indicates the structural transition from the distorted cubic perovskite structure to orthorhombic symmetry due to internal chemical pressure which arises as a result of size mismatch between substitution and host cations which corresponds to the modification in in the substituted ceramics might be due to broken cycloid spin structure which leads to canting of the antiferromagnetic spin structure.
The limited device applications of BFO are due to high leakage current, which can be reduced by compensating the oxygen vacancies using appropriate substituents. Hence, the effect of co-substitution by La and Mn in BFO on the room temperature dielectric constant as well as loss versus frequency measurements of all ceramics has been studied in the frequency range of 500 Hz -5 MHz (shown in Fig. 9 (a) & (b) ). The dielectric constant decreases rapidly with the frequency in lower frequency range (< 10 4 Hz) which is due to significant oxygen vacancies and secondary phases. It is independent in higher frequency range (> 10 5 Hz) because dipoles with large effective masses (e.g., oxygen vacancies, segregated impurities phases) are able to respond at low frequency of the applied field but, not at higher frequencies. The decrease of dielectric constant with the increase in frequency can be explained by dipole relaxation phenomenon which is due to Maxwell -Wagner type of interfacial polarization contribution.
The low frequency dielectric constant ( Fig. 9(a) ) increases with the co-substitution percentage which suggests that although the impurity phases decrease with the substitution, but oxygen vacancies may be increasing which has been observed from EDS analysis. The dielectric constant at high frequency region (> 10 5 Hz) increases with the increase in substitution percentage and attains maximum for BLFM-05 ceramics, then decreases for the higher substitution. At the same time, dielectric loss for this particular composition was observed to be minimum which could be due to reduction of impurity phase and smaller grain size for the substituted BFO which results in the increase of grain boundaries acting as scattering centre for the moving electrons.
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